To generate a polysaccharide vaccine with antigen (Ag) and adjuvant properties in one molecule, we have conjugated ZPS with a carrier protein. ZPS-glycoconjugates induce higher T-cell and Ab responses to carrier and PS, respectively, compared to control PS-glycoconjugates made with the native polysaccharide form. The increased immunogenicity of ZPS-conjugates correlates with their ability to activate dendritic cells (DCs). Moreover, protection of mothers or neonate offspring from lethal GBS challenge is better when mothers are immunized with ZPS-conjugates compared to immunization with PS-conjugates. In TLR2 knockout mice, ZPS-conjugates lose both their increased immunogenicity and protective effect after vaccination. When ZPS are coadministered as adjuvants with unconjugated tetanus toxoid (TT), they have the ability to increase the TT-specific antibody titer. In conclusion, glycoconjugates containing ZPS are potent vaccines. They target Ag to TLR2-expressing APCs and activate these APCs, leading to better T-cell priming and ultimately to higher protective Ab titers. Thus, rational chemical design can generate potent PS-adjuvants with wide application, including glycoconjugates and coadministration with unrelated protein Ags.
C
lassically, capsular polysaccharides (PS) from bacteria are considered to be T-independent Ags (1) able to activate B cells directly, without a contribution of help by CD4 ϩ T cells. Therefore, the immune response to PS fails to induce significant and prolonged titers of antibody with high avidity in infants and persistent Agspecific memory B cells in adults. For this reason, in vaccines, PS are mostly used conjugated with a carrier protein that provides T-cell help and consequently immunological memory (2) . Glycoconjugate vaccines against the Gram-positive bacterium Group B Streptococcus (GBS) have been shown to confer serotype specific protection in mice and have been tested in clinical trials (3) . In humans, addition of alum to the vaccine formulation did not further increase the immune response induced (4) . In contrast, in animal models, adsorption to Al(OH) 3 (alum) enhances the immunogenicity of the glycoconjugate (5, 6) which may be explained by the possibility that animals are more naive to GBS than humans. Moreover, a number of commercially available glycoconjugate vaccines, such as those against Meningococcus C, Haemophilus influenza, and the 7-valent Pneumococcus vaccine, use alum or aluminium phosphate as an adjuvant. Thus, the combination of glycoconjugates with adjuvants likely generates potent vaccines, able to activate APCs and induce strong Ag-specific T and B cell responses.
It has been shown that capsular PS that naturally carry a zwitterionic charge motif (ZPS) in their repeating structure activate T cells in coculture with monocytes. This activation is MHC class II-dependent (7) , and upregulation of costimulatory molecules on APCs contributes to this stimulation (8) . The structures of the natural ZPS, polysaccharide A (PSA) extracted from the capsule of Bacteroides fragilis, and Sp1 from type 1 Streptococcus pneumoniae, have been resolved (9, 10) . Recently, Toll-like receptor 2 (TLR2) has been identified as the receptor implicated in the activation of APCs induced by PSA (11) . Because PSA injected in a rat abscess model induces protection against the bacterium (12) , the use of ZPS that combine Ag and adjuvant properties in the same molecule may represent a strategy for vaccine design. Moreover, a number of vaccine candidates consisting of protein Ag fused to synthetic lipopeptides targeting TLR2 have been proposed in the past. For instance, a vaccine against tuberculosis composed of a protein Ag linked to a TLR2 agonist has been generated (13) and MHC class I-restricted peptide epitopes linked to lipopeptides recognized by TLR2 have been developed (14, 15) . We have applied the same strategy to PS Ags and selected for this purpose the PS extracted from the capsule of GBS serotypes Ib and V.
Native PS of the GBS capsule are anionic and T-independent Ags. We have demonstrated that the chemical introduction of zwitterionic motifs into PS from GBS generates ZPS that are able to directly activate mouse and human APCs through a TLR2-dependent mechanism (16) . We reasoned that first, GBS-derived ZPS alone should be able to act as adjuvants, as do other TLR2 agonists. Here, we show that injection of these ZPS together with unconjugated Ag tetanus toxoid (TT) increases the TT-specific antibody titer, clearly demonstrating their adjuvant activity in vivo. Second, if unconjugated ZPS are true T-cell-dependent Ags, they should be able to induce a strong IgG response on their own. We injected ZPS alone into mice but were not able to detect increased Ab titers to the ZPS or the maternal PS. Therefore, we conjugated ZPS prepared from GBS capsular PS with a carrier protein to provide a canonical T-cell antigen. We tested if conjugated ZPS maintain the adjuvant potential in vivo that the unconjugated forms have shown in vitro (16) and whether or not ZPS-containing glycoconjugate vaccines are more immunogenic than the corresponding native PS-conjugates. We also assessed whether the increased immunogenicity found in vivo is TLR2-dependent.
The purpose of this study is to rationally design a glycoconjugate both able to activate T cells and to target and activate cells expressing TLR2 to unite in the same molecule Ag and adjuvant activities. This approach represents a promising strategy for the use of chemical modification in glycoconjugate vaccine design.
Results

ZPS-Conjugates Are More Immunogenic Than the Corresponding PS-
Conjugates. Given the ability of chemically derived ZPS to activate APCs in vitro (16) , we attempted to test whether this biological activity would also confer adjuvant function in vivo. Therefore, we conjugated ZPS with a carrier protein and compared them to the glycoconjugates containing the native form of the corresponding PS. The zwitterionic PS were obtained as described by the introduction of a positive charge in the aliphatic chain of the terminal N-acetylneuraminic acid (NeuNAc) residue. The covalent attachment of the carrier protein CRM 197 or HSA to the zwitterionic PS was performed according to the protocol used for the conjugation of the native CPS (17) . Experimental details and the final structure of the conjugates are explained in the SI Text. We conjugated ZPS to the widely used and highly immunogenic carrier protein CRM 197 or to HSA (SI Text). NMR spectra confirmed the successful modification of the native serotype Ib polysaccharide that generated the zwitterionic motif (Fig. S1 , Ib-ZPS), and the integrity of Ib ZPS polysaccharide after conjugation to CRM 197 (Fig. S1 , Ib-ZPS-CRM) or HSA. The PS-to-protein ratio of all glycoconjugates is 1:1 (w:w). We immunized mice with ZPS-conjugates or those made with the native form of the PS and compared their immunogenicity. As positive control we used the PS-conjugate formulated with alum as adjuvant. ZPS from both serotypes Ib and V were used to generate glycoconjugates, and the results obtained after immunization were similar for serotype Ib (shown throughout this study) and V. After three immunizations, sera were tested in ELISAs by using the native PS conjugated to an unrelated carrier for detection (PS-HSA for CRM 197 -containing glycoconjugates and vice versa). By this method, we assessed for IgG antibody titers specific for the native PS, which is the relevant form present in the GBS capsule. As shown in Fig. 1A , the ZPS conjugated with CRM 197 was considerably more efficient in inducing antibodies against the bacterial PS than the corresponding native PS-conjugate. The titers induced by ZPS-conjugate reached or exceeded those induced by the positive control, alum-adjuvanted PS-conjugate. As expected, HSA turned out to be a less immunogenic carrier protein, because native PS conjugated to HSA did not induce antibodies significantly above background. In contrast, ZPS-HSA did induce a detectable titer that was comparable to that found after vaccination with the positive control containing alum. We also tested whether Agspecific titers were induced more rapidly, as described for TLR2 agonists (18) , and whether the Ig subclass distribution was altered by the ZPS. ZPS-conjugates induced high titers already after two injections (Fig. S2 ) and did not alter the relative contributions of different IgG subclasses (Fig. S3) . Thus, we have generated glycoconjugates that show accelerated and increased immunogenicity in the absence of an additional adjuvant.
To show that higher IgG production is due to a better anti-carrier T-cell response, we evaluated the ex vivo T-cell response in mice immunized with glycoconjugates. Splenocytes were cultured with CRM 197 , and after 4 h of stimulation, Brefeldin A was added overnight to block secretion and retain cytokines in the T cells, which allows detection of cytokines produced by individual CD4 positive T cells through intracellular staining. The total height of bars in Fig. 1B shows the overall percentage of T cells responding to CRM 197 by cytokine production, and the color-coding indicates which cytokines or combinations are produced by individual T cells. We find that ZPS-CRM induce a higher overall percentage of cytokine-producing CRM 197 -specific CD4 T cells than the corresponding PS-CRM (P Ͻ 0.01). In all groups, vaccinated with or without adjuvant, the dominant cytokines induced are IL-5, IL-2, and TNF-␣, a combination that is expected for effector and memory T-cell populations in the Th2 prone Balb/C mice used here. We conclude that the ZPS conjugation to CRM 197 leads to enhanced CRM 197 -specific T-cell responses compared to glycoconjugates containing native PS. In contrast, the cytokine profile is unaltered by ZPS-conjugates compared to that induced by PSconjugates, suggesting that the adjuvant effect increases the magnitude but does not alter the quality of the specific T-cell response. We also tested the T-cell response to the whole glycoconjugate or single components of it and found that the response is directed against the protein, not the PS part of the glycoconjugate (Fig. S4) . We conclude that ZPS act as adjuvants for increased Ab production through increased T-cell responses to the protein part of the glycoconjugate.
We next tested whether the adjuvant effect of ZPS enhances the Ab responses to conjugated or unconjugated proteins. After injection of ZPS-CRM or ZPS-HSA as described above, we found the ELISA titers to these proteins were strongly enhanced compared to native PS-CRM or PS-HSA injection (Fig. S5A) . We also coadministered ZPS with the unconjugated protein Ag TT and found strongly increased antiTT titers (Fig. S5B ). In conclusion, ZPS are able to act as adjuvant both for conjugated and unconjugated proteins. In contrast, ZPS used alone, without carrier, are not able to induce PS-specific IgG antibody titers (Fig. S2) , suggesting that Student's t test. * , P Ͻ 0,01; n.s., not significant. a protein component is required and that the combination of B cell epitopes and TLR2 agonist activity is not sufficient to increase immunogenicity of the PS part.
ZPS-Conjugates Activate Bone-Marrow-Derived DCs (BM-DCs).
Because glycoconjugates containing ZPS are more efficient than the corresponding native ones at inducing Ab and T-cell responses, we tested whether this correlates with their ability to activate APCs. The dot plots in Fig. 2A show that ZPS conjugated to HSA are able to induce the upregulation of MHC class II and the costimulatory molecule CD86, whereas HSA alone and PS-HSA do not activate BM-DCs. Similar results were obtained also with CRM 197 as carrier protein (Fig. S6) . Pam 3 CSK 4 , a TLR2 agonist, and LPS, a TLR4 agonist, are used as positive controls. ZPS-conjugates induced in BM-DCs the production of cytokines like IL-6 and IL-12, chemokines like regulated upon activation, normal T cells expressed and secreted (RANTES) and the stimulating factor G-CSF (Fig. 2B) . Taken together, these results strongly suggest that the ability of ZPS to activate DCs will improve the priming of carrier-specific T cells and as a consequence the T-cell help given to PS-specific B cells, ultimately leading to higher antibody titers. Thus, we most likely have generated a glycoconjugate that contains B-cell epitopes, T-cell epitopes and adjuvant properties, leading to an overall better immunogenicity.
ZPS-Conjugates Confer Enhanced Protection Against GBS Infection.
To verify whether antibodies induced by ZPS-conjugates were also protective against bacterial infection, we immunized CD1 or Balb/C mice, and after three immunizations we performed a challenge with GBS strain H36B. The percentage of survival after 2 days post challenge was evaluated and the statistical significance was estimated by Fisher's exact test. As shown in Fig. 3A , protection conferred by ZPS-conjugates is significantly increased compared to that given by PS-conjugates and similar to that induced by alum- g). PS-conjugate plus alum was used as a positive and PBS as negative control. Two weeks after the third immunization, adult mice received a lethal challenge of GBS, and the percentage of survival 2 days after the injection was evaluated. Pooled data from two experiments are shown. (B) A lethal dose of GBS was administered s.c. to the offspring of mothers immunized as in (A). The challenge was performed within 48 h after birth, and the percentage of survival was estimated 2 days post-injection. Each experiment was repeated at least three times by using CD1 or Balb/C strains with similar outcome. Statistical significance was calculated with Fisher's Exact Test. * , P Ͻ 0.01. (C) Opsonophagocytosis assays were performed to evaluate the capacity of sera from mice immunized as in (A) to induce GBS killing by differentiated HL60 cells in presence of rabbit complement. Triplicate results from sera diluted 1:100 were expressed as the mean log 10 reduction in GBS colony-forming units before (T0) and after (T 1) 60 min of incubation at 37°C. From the whole titration curves of the same assay, we also calculated opsonophagocytosis titers that are indicated below the graph.
adjuvanted PS-conjugates, the positive control. We also used a neonatal mouse model of group B streptococcal infection (19) to evaluate the protection after challenge in the offspring of immunized mothers. Neonates from mothers immunized with ZPSconjugates are better protected from GBS infection than those born from mice immunized with PS-conjugates. This is particularly visible in the context of the less immunogenic carrier HSA, and ZPS-HSA induce a level of protection in neonates that is similar to that of alum-adjuvanted PS-HSA, as determined by Fisher's exact test (Fig. 3B) . By using an opsonophagocytosis assay, we confirmed that sera from mice immunized with ZPS-conjugates were more efficient to promote killing of GBS by differentiated HL60 cells than sera from mice immunized with PS-conjugates (Fig. 3C) , consistent with the above protection data. The half-maximal titers were also calculated from the opsonophagocytosis data (Fig. 3C  bottom) , and ZPS-CRM induces clearly higher titers than PS-CRM, reaching levels comparable to those of the Alum-adjuvanted positive control. We were also interested to see if Alum could be used in combination with the ZPS-conjugates and whether this combination would confer a further increase in immunogencity. Results in Fig. S7 A and B show that the ZPS adjuvant activity synergizes with alum to increase further the PS-specific IgG antibody titer and to induce better CRM 197 -specific CD4 ϩ T-cell responses.
TLR2 Is Critical for ZPS-Conjugate Adjuvant Activity In Vivo.
We and others demonstrated that the ability of ZPS to activate APCs is TLR2-dependent (11, 16) . To test if this receptor is also required for the adjuvant activity of ZPS-conjugates in vivo, we immunized female TLR2 Ϫ/Ϫ mice with glycoconjugates and paired them after three immunizations with wt males. The offspring received a challenge with a lethal dose of GBS and the percentage of survival was evaluated. Following this protocol, the offspring are genotypically heterozygous for TLR2 and therefore express this receptor, but they have acquired the antibody repertoire from mothers immunized in the absence of this receptor. In this experiment we compared the Alum-adjuvanted PS-conjugate, our positive control, to the ZPS-conjugate in wt versus ko mice. Fig. 4A shows that at challenge doses leading to 20-30% survival in the negative control groups, alum-adjuvanted native glycoconjugate induces full protection in litters born from vaccinated wt and TLR2 Ϫ/Ϫ mothers. In contrast, ZPS-conjugate induced protection is significantly reduced in litters from TLR2 Ϫ/Ϫ mothers, clearly indicating that TLR2 is crucial for the protection induced by ZPS-conjugates. Similarly, the opsonophagocytosis titers induced by ZPS-conjugates were abolished in the absence of TLR2, whereas those induced by PSconjugate plus alum were not (Fig. 4B) . To see whether the observed differences between wt and TLR2 Ϫ/Ϫ mice are also reflected in differential DC activation by ZPS-conjugates, we assessed cytokine production by BM-DCs from both genotypes in response to ZPS-conjugates. As shown in Fig. 4C , the production of IL-6, IL-12, G-CSF, and RANTES induced by ZPS-conjugate or Pam 3 CSK 4 is strongly reduced when BM-DCs were generated from TLR2 Ϫ/Ϫ mice. No difference is observed when using the TLR4 agonist LPS. Thus, TLR2 has a crucial role in the in vivo activity of ZPSconjugates and is required for the induction of higher functional Ab titers and consequently for higher protection. Since we observed in vitro that activation of BM-DCs by ZPS-conjugate is TLR2 dependent, we conclude that TLR2-dependent DC activation is the most likely mechanism of in vivo adjuvanticity of ZPS.
Discussion
Adjuvants represent an important component of many modern vaccines as they increase the immunogenicity of coadministered Ags such as purified, soluble recombinant proteins, which are per se less immunogenic than whole or split, killed or attenuated pathogens used in the past. Although a number of glycoconjugate vaccines induce high antibody titers without adjuvants, in other cases adjuvants are used to induce a protective immune response. Here, we show that rational chemical modification can be used to produce a glycoconjugate vaccine in which the PS Ag has acquired additional adjuvant properties. This work is based on previous findings showing that natural ZPS, such as PSA, activate T cells and APCs (7, 8, 12) . Because this biological activity depends on the zwitterionic structure of this capsular PS (20) (21) (22) , we generated a similar charge motif in a vaccine candidate PS by the chemical introduction of positive charges into the naturally anionic capsular PS of GBS (16) . The resulting ZPS activate APCs through a TLR2-dependent mechanism, and this effect depends on the integrity of the zwitterionic motif (16) , similar to what was found for natural ZPS.
Here, we show that in vivo, ZPS enhance IgG titers specific for a coadministered protein Ag, clearly demonstrating the adjuvant activity of the ZPS. Adjuvanticity is maintained also when the ZPS is used in place of the native PS as Ag in a glycoconjugate vaccine against GBS. In fact, ZPS-conjugates are more immunogenic than the corresponding PS-conjugates, and mice immunized with ZPSconjugates are better protected from GBS infection than mice immunized with the PS-conjugates. Increased induction of specific Ab titers is associated with increased T-cell responses to the carrier * , P Ͻ 0,05; n.s., not significant compared with the respective wt group. Data pooled from two independent experiments are shown. (B) Opsonophagocytosis assays were performed by using sera from wt and TLR2 Ϫ/Ϫ mothers of (A). Triplicate results from sera diluted 1:100 were expressed as the mean log 10 reduction in GBS colony-forming units before (T0) and after (T1) 60 min of incubation at 37°C. (C) BM-DCs generated from the bone-morrow of wt or TLR2 Ϫ/Ϫ mice were incubated for 20 h with ZPS and PS conjugates (10 g/mL), CRM 197 and HSA alone (10 g/mL), and Pam3CSK4 or LPS (1 g/mL). After 20 h of incubation the supernatants were assessed by Bio-plex analysis for cytokine and chemokine content. The production of IL-6, IL-12, G-CSF, and RANTES induced by ZPS-conjugates or Pam 3CSK4 was considerably reduced in supernatants of BM-DCs generated from TLR2 Ϫ/Ϫ mice. LPS induce the same cytokine and chemokine production in both genotypes. Data represent mean ϩ SD of triplicates and are representative of two experiments.
protein. The fact that unconjugated ZPS are unable to induce Ab responses strongly suggests that T-cell help is required for ZPS adjuvanticity. The observation that the increased immunogenicity of ZPS-conjugates is TLR2 dependent further suggests that TLR2-expressing APCs may be involved. We find that ZPS-conjugates activate BM-DCs in vitro inducing surface molecules for T-cell priming and production of cytokines, chemokines and growth factors. BM-DC activation induced by ZPS-conjugates is TLR2 dependent because BM-DCs generated from TLR2 Ϫ/Ϫ mice are largely unresponsive. Taking together these data, we hypothesize that the increased immunogenicity of ZPS-glycoconjugates is based on the TLR2 agonist properties of ZPS that allow these conjugates to target TLR2-expressing DCs and activate them. This in turn leads to better T-cell priming, increased T-cell help and ultimately to higher specific Ab titers (Fig. 5) . This model also explains why conjugation to a protein carrier is still required for the immunogenicity of ZPS; the TLR2-dependent adjuvant effect on DCs can be transmitted to B cells only via T-cell help, and in fact we find increased T-cell responses to the carrier protein when conjugated to ZPS. In contrast, we were not able to find ZPS-or PS-specific T-cell responses.
Compared to other Ag presenting cells, DCs are critical for the full activation of naive T cells, and their maturation is essential for this (23, 24) . DC maturation can be triggered by Toll-like receptor agonists that induce the increase in surface MHC class II and costimulatory molecules and thereby link innate to adaptive immune responses (25, 26) . TLR2 has already been demonstrated to be the receptor implicated in the ability of PSA to link innate and adaptive immunity (11) . Moreover the Haemophilus influenzae type b-outer membrane protein complex glycoconjugate has an optimal immunogenicity thanks to the TLR2 agonist properties of the carrier protein (18) . Other examples of vaccines owing their potency at least in part to the sometimes fortuitous presence of TLR2 agonists are the yellow fever vaccine (27) and PS vaccines against Streptococcus pneumoniae (28) . Thus, TLR2 is a receptor implicated in the strong immunogenicity of natural ZPS but also of vaccines based on PS, attenuated virus or glycoconjugates.
Efforts have also been made to generate synthetic vaccines in which a peptide Ag was covalently linked to a TLR2 agonist (13, 15) . Such linked peptides are better internalized by DCs than the peptide alone or mixed with the TLR2 agonist, and this appears to depend on the TLR2 agonist internalization that carries along the linked peptide (29) . Therefore, we speculate that the ZPS as TLR2 agonist may increase T-cell priming through the internalization of ZPS-conjugates by DCs and targeting the carrier protein to endolysosomes. It has also been shown for vaccine formulations containing agonists to TLRs other than TLR2 that the physical coupling of Ag and agonist is far more effective than simple coadministration. We show here that ZPS are effective in both coupled and uncoupled form, and experiments are underway to compare directly the potency of these formulations.
When TLR2-deficient BM-DCs were stimulated with ZPSconjugates, cytokine production was strongly reduced but not entirely abolished, at difference to the complete DC unresponsiveness to Pam 3 CSK 4 . This may be due to a different usage of the TLR2/1 or TLR2/6 heterodimers as compared to Pam 3 CSK 4 , or to an additional receptor. A synergy between TLRs and C-type lectin receptors recognizing PS structures has been described (30-32), and we speculate that similar mechanisms may contribute to the strong DC activation by ZPS.
It has been proposed that optimal vaccine formulations are able to target the Ag to DCs to allow more efficient Ag processing and presentation, and moreover provide the stimuli to induce DC maturation to enhance the adaptive immune response (33, 34) . The ZPS-conjugates have both properties: a PS Ag that targets itself to TLR2-expressing DCs and activates, through TLR2, DC maturation, thereby increasing processing and presentation of the conjugated protein to naive T cells. Here, we have used this strategy first to provide increased T-cell help to B cells recognizing the B cell epitopes of the PS, and second to increase the immune response to an unrelated protein, either conjugated or coadministered.
Over the years, chemical tools have proven essential to make progress in the generation of synthetic oligosaccharides and glycoconjugates (35) . Chemical modifications in PS structure have been performed to enhance the PS-specific IgG antibodies or to eliminate epitopes that produce antibodies cross-reactive with host tissue (36, 37) . More recently, as an example of rational design of the carbohydrate, the capsular PS serotype V GBS has been chemically desialylated to generate a glycoconjugate able to induce the IgMto-IgG switching (38) . In the present work, we have exploited existing structural knowledge of the charge motif in natural ZPS to generate chemically a similar structure in a vaccine PS and thereby to obtain the TLR2 agonist properties conferred by this peculiar charge motif. The modified PS acts as an adjuvant and has been used to generate a glycoconjugate vaccine that is more immunogenic and more protective. Our approach adds, through rational chemical modification, biological function to vaccine Ags. This strategy may be applied to many other polysaccharides and represents a path for rational chemical design of adjuvants and glycoconjugate vaccines.
Materials and Methods
Mice and Immunizations. Groups of six to eight female, 6-week-old Balb/C, C57BL/6, CD1 outbred mice (Charles River), or C57BL/6 TLR2 Ϫ/Ϫ (39) (kindly provided by Giuseppe Teti, Messina, Italy) were used for experiments reviewed and approved by the institutional review committees. Animals were immunized i.p. at days 0, 21, and 35 with 1 g glycoconjugates made as indicated. Where indicated, alum was used at 0.4 mg AlOH 3/dose. Serum and spleen samples were collected at 2 weeks after the third immunization. In adult mice, the challenges were performed injecting i.p. strain H36B (serotype Ib) at 1 ϫ 10 8 CFU at 2 weeks after the third immunization. For the neonatal challenge experiments, we first determined the 80% lethal doses (LD 80) by titration in both wt and ko mice. H36B was Proposed mechanism of increased immunogenicity of ZPSconjugates. ZPS-conjugates are targeted to TLR2 positive DCs and activate them through receptor engagement. Increased DC activation leads to improved priming of naive T cells specific for the conjugated protein. Enhanced T-cell help to B cells will lead to higher Ab titers and thus improved protection against infection by GBS. administered at 1ϫ LD80 to the pups s.c. between 24 and 48 h after birth. Mortality was recorded daily for the 2 days after challenge. Statistical significance was estimated by Fisher's exact test.
Ag-Specific T-Cell Cytokine Responses. Three mice per treatment were killed, spleens were collected, and single cell suspensions were obtained. Red blood cells were lysed and splenocytes cultured in RPMI (Gibco) containing 2.5% FCS (HyClone), beta-mercaptoethanol and antibiotics. Splenocytes were stimulated in the presence of anti-CD28 (1 g/mL) (Becton-Dickinson) and the carrier protein CRM197 (30 g/mL), or with anti-CD28 alone (unstimulated, Ͻ0.1% total cytokinepositive cells), or with anti-CD28 plus anti-CD3 (0.1 g/mL) (Becton-Dickinson). After 4 h of stimulation, Brefeldin A (2.5 g/mL)(Sigma-Aldrich) was added for additional 12 h. Cells were washed and stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit for 405 nm excitation (Invitrogen). Cells were fixed, permeabilized, and stained with the following mAbs: allophycocyanin-Alexa750-conjugated anti-CD4 (Caltag), Pacific Blue-conjugated anti-CD3, Alexa700-conjugated anti-TNF-␣, peridinin chlorophyll protein cyanine5.5-conjugated anti-IFN␥, PE-conjugated anti-IL-5, and Alexa488-conjugated anti-IL-2 (BectonDickinson). Cells were acquired on a LSR-II (Becton-Dickinson) and analyzed by using FlowJo software (Tree Star). For each individual mouse, percentages of unstimulated samples were subtracted from the Ag-stimulated sample.
Determination of Ag-Specific Antibody by ELISA. For titration of IgG specific for the native polysaccharides, Maxisorp plates (Nunc) were coated with 1 g/mL (in PBS) of the glycoconjugate that contains a different carrier protein to that used for the immunization, to detect only the antibodies specific for the polysaccharide. Antibody titers are those dilutions that gave an OD higher than the mean plus 5ϫ the SD of the average OD obtained in the preimmune sera. The titers were normalized with respect to the reference serum assayed in parallel.
Determination of Cytokine and Chemokine Production. Cytokine and chemokine secretion in supernatants was assessed by Bio-Plex analysis (Bio-Rad), according to the manufacturer's instructions by using the mouse 23 Opsonophagocytosis Assay. Serum samples from mice immunized with serotype Ib glycoconjugates were tested for their in vitro ability to promote the opsonization of type Ib GBS strain H36B for phagocytosis and killing by differentiated HL60 cells in the presence of rabbit active complement. Results were expressed as the mean log10 reduction in GBS colony-forming units before and after 60 min of incubation at 37°C.
Generation of BM-DCs. Mouse BM-DCs were generated culturing femoral bone marrow with recombinant murine GM-CSF (PeproTech) as described in ref. 40 . At day 6, BM-DCs were cultured for 20 h in complete medium with ␤-mercaptoethanol 50 M (Sigma) and 100 U/mL mGM-CSF, by using pro-bind U-bottom 96-well plates (Becton-Dickinson). Where indicated, cells were treated with Pam3CSK4 (Alexis Biochemicals). Cells were stained with PE-conjugated anti-CD86, FITCconjugated anti-MHC class II, and allophycocyanin-conjugated anti-CD11c. Rabbit serum was used as a blocking agent. The acquisition was made on a LSR-II and data analyzed by using DIVA software (Becton-Dickinson).
